The elemental composition of subcellular organelles in resting rat papillary muscle was measured by electron probe x-ray microanalysis of cryosections of flash-frozen tissue. Nonmitochondrial electron-dense structures (50-100 nm in diameter) with a phosphorous concentration larger than 375 mmol/kg dry wt were identified in the interfibrillar spaces of the I band region. They were not visible in the proximity of transverse tubules. The sodium, magnesium, phosphorus, sulfur, chlorine, and potassium content of the electron dense structures showed a normal distribution, consistent with a uniform composition of a specific subcellular organdie. However, the distribution of the calcium concentrations hi these electron-dense structures was bimodal, suggesting that they are composed of at least two subpopulations. One subpopulation had relatively high calcium (up to 53 mmol/kg dry wt) content with a mean value of 12.5±1.1 mmol/kg dry wt, while the other one had a relatively low calcium content with a mean value of 2.8±0.3 mmol/kg dry wt. The mean calcium concentration in the junctional sarcopiasmic reticulum (j-SR) m rat papillary muscle with calcium concentrations larger than 6 mmol/kg dry wt was 14.6±2.0 mmol/kg dry wt. We propose that the electron-dense structures described above correspond to nonjunctional sarcopiasmic reticulum and that the population containing relatively high calcium concentrations is calsequestrin-containing corbular sarcopiasmic reticulum (c-SR) confined to the I band region, while the population containing relatively low calcium concentrations corresponds to anastomosing regions of the network sarcopiasmic reticulum that hick calsequestrin. These results are consistent with the idea that both the corbular sarcopiasmic reticulum and the junctional sarcopiasmic reticulum are potential sources of Ca 2+ released into the myofibrillar space during excitation-contraction coupling in cardiac muscle
T he sarcopiasmic reticulum plays an essential role in the regulation of cytosolic calcium fluxes relevant to the excitation-contractionrelaxation cycle in mammalian myocardium.'- 5 Ultrastructural studies of mammalian ventricular muscle cells have shown that the sarcopiasmic reticulum is composed of a minimum of three structurally distinct regions. 6 -9 They are the network sarcopiasmic reticulum, the junctional sarcopiasmic reticulum, and the specialized nonjunctional sarcopiasmic reticulum. The network sarcopiasmic reticulum is composed of an anastomosing network of 25-60-nm diameter sarcotubules that surrounds the myofibrils. 6 -7 The junctional and specialized nonjunctional sarcopiasmic reticula contain electron-dense material in their lumina. 7 Although they are continuous with the network sarcopiasmic reticulum, 8 -9 the network has no such electron-dense content. The obvious structural difference between the junctional and specialized nonjunctional sarcopiasmic reticula is that the junctional sarcopiasmic reticulum is closely apposed to either the sarcolemma or the transverse tubules to which it is physically connected 10 by junctional processes called feet." In contrast, the specialized nonjunctional sarcopiasmic reticulum, which is composed of 50-100-nm diameter bulbous extensions (corbular SR) on the network sarcopiasmic reticulum, is not closely apposed to either the sarcolemma or to the transverse tubules.While the network sarcopiasmic reticulum appears to be fairly uniformly distributed in the interfibrillar spaces along the entire length of the sarcomere, the junctional and specialized nonfunctional sarcoplasmic reticula are mainly present in the central portion of the I band region.
Characterization of purified canine cardiac sarcoplasmic reticulum vesicles had shown that it is composed of at least two subpopulations. 12 Both of these contain the Ca 2+ -ATPase. However, only the ryanodine-sensitive population contained a 55,000 dalton protein 12 later identified as the Ca 2+ -binding protein calsequestrin. 13 Since ryanodine inhibits Ca 2+ release from ryanodine-sensitive sarcoplasmic reticulum vesicles, these studies also suggested that at least some calsequestrin is localized near the Ca 2+ release sites in the cardiac sarcoplasmic reticulum.
Immunoelectron microscopical studies of the distribution of sarcoplasmic reticulum proteins in cardiac muscle have shown that the Ca 2+ -ATPase 14 and its proposed regulator, phospholamban, 15 are fairly uniformly distributed in the network sarcoplasmic reticulum but apparently absent from the junctional region of the junctional sarcoplasmic reticulum. By contrast, calsequestrin 16 -18 is present in the lumen of the junctional sarcoplasmic reticulum and the specialized non-junctional (corbular) sarcoplasmic reticulum, but not in the lumen of the network sarcoplasmic reticulum.
These biochemical and immunoelectron microscopical studies are consistent with the idea that Ca 2+ is accumulated into the lumen of the sarcoplasmic reticulum across the entire surface of the network sarcoplasmic reticulum via the Ca 2+ -ATPase and then binds to calsequestrin stored in the lumen of the junctional and corbular sarcoplasmic reticula. Previous electron microprobe analytical studies of rabbit papillary muscle 19 -21 and isolated, permeable rat ventricular muscle cells 22 have demonstrated that calcium is stored in the lumen of the junctional sarcoplasmic reticulum. To determine directly whether the corbular sarcoplasmic reticulum also represents Ca 2+ storage sites, the elemental composition of the corbular sarcoplasmic reticulum was determined by electron microprobe analysis of 100-200-run cryosections of rat papillary muscle rapidly frozen at rest. The results show that the corbular sarcoplasmic reticulum, like the junctional sarcoplasmic reticulum, stores calcium in resting rat papillary muscle.
Materials and Methods
Adult male Wistar rats (125-150 g) were killed by cervical dislocation. The hearts were quickly excised, and a papillary muscle from the right ventricle was dissected in a modified Krebs' solution containing (mM) NaCl 125.1, KC1 4.7, KH 2 PO 4 1.2, MgSO 4 1.2, NaHCO 3 18.7, CaCl 2 2, dextrose 5.6, bubbled vigorously with 95% O 2 -5% CO 2 , pH 7.4; 32° C.
The dissected papillary muscle was attached to a tension transducer and mounted between two platinum electrodes in a 50-ml glass dish containing the modified Krebs' solution. The muscle strip was then stimulated at 0.3 Hz (at 6 V with 70-msec pulses). The length of the muscle was adjusted to give 90-95% of maximal twitch tension. The muscle was stimulated at the same frequency for an additional 30-40 minutes.
Ten minutes before freezing, the solution in the muscle bath was changed to also include 4% polyvinylpyrrolidone (PVP-40; Sigma Chemical, St. Louis, Missouri) as a cryoprotectant. After a brief period during which a transient decrease in tension was occasionally observed, the tension gradually increased to between 90% and 110% of the twitch tension recorded before inclusion of PVP-40 in the muscle bath. Stimulation was stopped. The muscle bath was quickly removed, the muscle blotted at its base, and the sample flash-frozen by the rapid propulsion of a beaker of supercooled Freon 22 (-164±2° C) into the environmental chamber as previously described. 23 The environmental chamber kept the muscle in a humidified atmosphere at 32° C during the brief exposure (20 seconds) to air just prior to freezing. The total time elapsed between the last stimulation and freezing was between 40 and 60 seconds.
Cryosectioning
Flash-frozen papillary muscle tissue was mounted onto brass specimen holders using dry toluene (-80° C) as a low T° cement. 24 Longitudinal sections were cut at -130° C in a modified LKB cryoultramicrotome (LKB Produkter AB, Sweden). The sections were placed on copper grids covered with carbon film (7.5 nm thick) and freeze dried at 10" 6 torr as previously described. 24 After drying, the sections were coated with a light layer of carbon.
Electron Probe Analysis
Electron probe microanalysis of cryosectioned papillary muscle from five rats was done in a specimen holder cooled to -100° C with liquid nitrogen (Gatan Inc., Warrendale, Pennsylvania), on a Philips 400 TEM equipped with a LaB 6 filament, a goniometer stage, a 30 mm 2 Kevex Si (Li) x-ray (Kevex Corp., Foster City, California), and a Kevex 7000 multichannel analyser interfaced to a VAX 11/750 computer (Digital Equipment Corp., Marlboro, Massachusetts) as described previously. 25 * 26 Quantification of the elemental distribution in ultrathin cryosections was carried out according to the characteristic-continuum x-ray ratio method described by Hall. 27 Calibration, determination of the number of characteristic and continuum x-ray counts and estimates of statistical and systematic errors of the procedure were carried out as previously described. 2326
Protocol for Collection ofX-Ray Spectra in Cryosections
The main purpose of the study was to determine whether corbular sarcoplasmic reticulum in the I band region of rat ventricular muscle stores calcium. Spectra of sarcoplasmic reticulum and its paired cytosol and mitochondria were collected with a small (diameter, 75 nm) probe. The diameter of the probe determines the spatial resolution of the analyses. The sarcoplasmic reticulum spectra were collected until the instrumental error of each calcium measurement was ±2.0 mmol/kg dry wt (1 SD). The collection time ranged from 400 to 1,200 seconds depending on specimen thickness (100-200 nm) and probe current (~1 nA). The analysis of A band cytoplasm and of mitochondria paired to a particular sarcoplasmic reticulum was done with a small probe of the same diameter and current and over a time interval identical to that of the particular sarcoplasmic reticulum. The analysis of sarcomeres including myofibrils and sarcoplasmic reticulum, but excluding mitochondria, was done with a large astigmatic probe (4-8 /im 2 ), until the statistical error of each calcium measurement was ±1.0 mmol/ kg dry wt (1 SD). In general, "the compositional resolution" (i.e., the minimal detectable difference in concentration between two analyzed regions) is two times SD for 95% confidence level.
Variation among the groups was tested by a nonparametric one-way analysis of variance (Kruskal-Wallis) and was considered significant whenp<0.05. When significant differences were encountered among the groups, variation between two particular groups was tested with the Mann-Whitney U test and was considered significant whenp<0.05. 28 Although these tests employ sample medians, the values reported here represent the sample mean±SEM.
Immunoelectron Microscopy
Rat papillary muscle was quickly dissected, flashfrozen, freeze-dried, osmium treated, and embedded in Spurr as previously described by Jorgensen and McGuffee. 18 Immunoelectron microscopical labeling of thin sections (60 nm) of the rat papillary muscle tissue with affinity purified antibodies to canine calsequestrin (a generous gift from Dr. K.P. Campbell, University of Iowa, Iowa City) was carried out as previously described. 18 The primary antibody reagent, affinity-purified rabbit antibodies to canine cardiac calsequestrin, was used at 10 ^ig/ml in phosphate-buffered saline, pH 7.4. 16 The secondary antibody reagent, a goat antirabbit y-globulin-colloidal gold conjugate (5-10 nm, Janssen Pharmaceutical), was used at 0.5 mg/ml phosphate-buffered saline. To assess nonspecific labeling of the ultrathin frozen sections, rabbit -y-globulin purified from preimmune rabbit serum (10 ^tg/ml phosphate-buffered) was substituted for the affinitypurified antibodies to calsequestrin in the indirect immunolabeling procedure. After immunolabeling, the sections were positively stained with uranyl acetate and lead citrate as previously described. 18 
Results

Distribution of Calsequestrin in Rat Papillary Muscle
The ultrastructural features of the different regions of the cardiac sarcoplasmic reticulum were previ-ously shown to be well preserved in flash-frozen, freeze-dried, vapor-osmicated, and Spurr-embedded rat papillary muscle. 18 To demonstrate directly that the specialized nonjunctional sarcoplasmic reticulum in the center of the I band region of flash-frozen cardiac muscle contains calsequestrin, as previously observed in sections of glutaraldehyde-fixed tissue, 16 thin sections of flash-frozen, freeze-dried, vapor-osmicated and Spurr-embedded rat papillary muscle 18 were labeled with calsequestrin antibodies by the indirect immunocolloidal gold staining technique. 16 Examination of the distribution of colloidal-gold particles in rat papillary muscle tissue showed that calsequestrin was confined to the lumen of the junctional (j-SR; Figure 1A 
Ultrastructure of Cryosections Used for Electron Probe Analysis
The ultrastructural features of unstained freezedried cryosections of flash frozen rat papillary muscle are shown in Figure 2 . Mitochondria (M). transverse tubules (T), and sarcomeres are easily recognized in the cryosections (Figures 2A and 2B ). Within the sarcomeres, the Z lines (Z), the A bands (A), the I bands (I), and the junctional sarcoplasmic reticulum (j-SR) can also be identified. However, positive identification of the corbular sarcoplasmic reticulum, and the network sarcoplasmic reticulum, solely on the basis of ultrastructural characteristics, is generally ambiguous.
Approach to Identifying Calcium Containing Nonjunctional Sarcoplasmic Reticulum
The immunoelectron microscopical studies presented here ( Figure 1 ) and elsewhere 16 -18 show that the calsequestrin containing corbular sarcoplasmic reticulum is mainly located in the interfibrillar spaces in the central portion of the I band region of the cardiac muscle cell. They are continuous with the network sarcoplasmic reticulum and have diameters ranging between 50 and 100 nm.
Studies using electron probe x-ray microanalysis of cardiac and skeletal muscle sarcoplasmic reticulum in situ have reported the mean phosphorous concentration of the junctional sarcoplasmic reticulum in rabbit cardiac muscle to be 490 mmol/kg dry wt, 19 -21 while that of longitudinal sarcoplasmic reticulum and the terminal cisternae of frog skeletal muscle was reported to be 378±67 and 415±82 mmol/kg dry wt, respectively. 29 In contrast, the mean phosphorous concentrations of the cytoplasm of rabbit papillary muscle and frog skeletal muscle were reported to be 289±18 19 and 273±60 mmol/kg dry wt, 29 respectively.
Thus, to assess whether the calsequestrincontaining corbular sarcoplasmic reticulum stores calcium, it was decided to determine the elemental Figures 2A and 2B) characterized by 1) a diameter characteristic of corbular sarcoplasmic reticulum, that is, ranging between 50 and 100 nm; and 2) a phosphorous concentration higher than 375 mmol/ kg dry wt. Although mitochondria have a phosphorous concentration similar to that of the sarcoplasmic reticulum, these two organelles could easily be distinguished from each other structurally ( Figure  2 ) and on the basis of their sulphur-to-chlorine concentration ratio, which is 5.0 for mitochondria (Table 4 ) but only 1.8-3.0 for cytoplasm (Tables 1  and 3 ) and sarcoplasmic reticulum (Tables 1 and 2) . Figure 2A ,O) is shown in Table 1 .
Electron Microprobe Analysis Elemental composition of nonmitochondrial membrane-bound structures in the I band region and of the cytoplasm in the adjacent
The mean±SEM phosphorous concentration of the electron dense structures in the I band region was 519±13 mmol/kg dry wt ( The mean±SEM calcium concentration of the electron-dense structures in the I band region with phosphorus concentrations higher than 375 mmol/kg dry wt was 8.5±0.8 mmol/kg dry wt. This value is significantly different from the 0.5±0.3 mmol/kg dry wt of the A band cytoplasm (/?<0.05).
The correlation of calcium concentrations with the phosphorous concentrations, obtained from all small probe (diameter, 75 nm) analyses, is shown in Figure 3 . Examination of this scattergram shows that high calcium concentrations (>6 mmol/kg dry wt) are always associated with high phosphorous concentrations (>375 mmol/kg dry wt). However, high phosphorous concentrations (>375 mmol/kg dry wt) are not always associated with high calcium concentrations (>6 mmol/kg dry wt).
The bimodal frequency distribution of the calcium concentrations in the electron-dense structures within the interfibrillar spaces bordering I bands (Figure 4 ) suggests that the electron-dense structures are com : posed of at least two populations. The mean calcium concentration of one population (ranging between 0 and 6 mmol/kg dry wt) was 2.8±0.3 mmol/kg dry wt ( Table 1 , column B), while the mean calcium concentration of the other population (ranging between 6 and 53 mmol/kg dry wt) was 12.5±1.1 mmol/kg dry wt ( Table 1 , column C). The mean ±SEM calcium concentrations of the two subpopulations of electron dense structures are significantly different from one another (p<0.05). Furthermore, the calcium concentration of the population of electron-dense structures with relatively high calcium concentrations (>6 mmol/kg dry wt) was significantly different from that of the A band cytoplasm (p<0.05). There were no statistically significant differences in the sodium, magnesium, phosphorus, sulfur, chlorine, and potassium concentrations of these two subpopulations of electrondense structures ( Table 1) . Figures 5A, 5C , and 5D show the averaged potassium-stripped x-ray spectra corresponding to the data presented in Table 1 , columns C, B, and D, respectively. The elemental composition of the junctional sarcoplasmic reticulum with calcium concentrations larger man 6 mmol/kg dry wt was also determined ( Table 2 , column A). Figure 5B shows the averaged potassium stripped x-ray spectrum corresponding to the data in Table 2 , column A. The mean±SEM calcium concentration of the junctional sarcoplasmic reticulum was 14.6±2 mmol/kg dry wt ( Table 2 , column A) and not significantly different from the population of the electron-dense structures in the I band region with calcium concentrations larger than 6 mmol/kg dry wt (p<0.05) ( Table  2 , column B). Although the mean sodium and chlorine concentrations of the junctional sarcoplasmic reticulum are, respectively, slightly higher and lower than those of the electron-dense structures in the I band region with relatively high calcium concentrations Values are mean±SEM.
Values are mean±SEM. 'Large cytoplasm includes myofibrils and sarcoplasmic reticulum but excludes transverse tubules, mitochondria and nuclei, measured with a large astigmatic probe (4-8 /im 2 ).
tA band cytoplasm includes myofibrils in the A band region but excludes mitochondria, sarcoplasmic reticulum, transverse tubules, and nuclei. (between 6 and 25 mmol/kg dry wt), these diflferences are not statistically significant. A considerable proportion of the morphologically identified junctional sarcoplasmic reticulum was found to have relatively low calcium concentrations (0 to 5.4 mmol/kg dry wt) although their concentrations of sodium, magnesium, phosphorus, sulfur, chlorine, and potassium were not significantly different from those of junctional sarcoplasmic reticulum having a relatively high calcium concentration. To determine whether these structures with relatively low calcium concentrations are, indeed, junctional sarcoplasmic reticulum or whether they represent obliquely sectioned transverse tubules will require a more extensive study. Sarcomeres. The elemental composition of large cytoplasmic regions in resting rat papillary muscle, measured with a large astigmatic probe (4-8 /xm 2 ) is shown in Table 3 . These large cytoplasmic regions included A and I band regions of myofibrils and sarcoplasmic reticulum (sarcomeres) but excluded nuclei and mitochondria. The mean calcium concentration of sarcomeres in relaxed cardiac muscle was 1.6±0.2 mmol/kg dry wt ( Table 3 ). The elemental composition of A band cytoplasm in resting cardiac muscle measured with a small (75 mm) probe, is shown in Table 3 . The mean calcium concentration of the A band cytoplasm was 0.5±0.2 mmol/kg dry wt. The difference between the calcium concentrations in the sarcomeres and the A band cytoplasm probably reflects the inclusion of the sarcoplasmic reticulum in the large cytoplasmic region analyzed.
Mitochondria. The elemental composition of mitochondria in resting rat papillary muscle is shown in Table 4 . The mean mitochondrial calcium concentration was 0.2±0.2 mmol/kg dry wt.
Discussion
Elemental Composition of Small (diameter, 50-100 nm) Electron-Dense Structures in I Band Region of Rat Papillary Muscle
We have identified, through their elemental composition, nonmitochondrial electron dense structures in the central portion of interfibrillar spaces bordering I bands of resting rat papillary muscle. Approximately half of these structures had a relatively high calcium concentration (up to 53 mmol/kg dry wt), while the other half had a relatively low calcium concentration (2.8±0.3 mmol/kg dry wt). The location, structure, and elemental composition of the two subpopulations of these electron-dense structures suggest that they correspond to corbular and the network sarcoplasmic reticulum, respectively. This proposal is based on the following observations: 1) The diameter of these structures (50 and 100 nm) (es, Figure 2 ), is characteristic of the corbular and network sarcoplasmic reticulum (Figure 1) . 2) The phosphorous concentration of these structures is higher than 375 mmol/kg dry wt, with a mean value of 519± 13 mmol/kg dry wt. This value is comparable to the phosphorous concentrations measured in longitudinal sarcoplasmic reticulum and terminal cisternae of frog skeletal muscle 27 and junctional sarcoplasmic reticulum of rabbit papillary muscle. 18 -20 3) Although the phosphorous concentration higher than 375 mmol/ kg dry wt is also characteristic of mitochondria (see Table 4 ), the ratio of the sulphur to chlorine concentrations (2.1) of these structures excludes the possi- 1, column D) . The calcium peak of the electron dense structures with high phosphorus concentration and high calcium concentration is indistinguishable from that of the junctional sarcoplasmic reticulum, and visibly larger than that of the electron dense structure with high phosphorus concentration and low calcium concentration and that of the A band cytoplasm. To better visualize the calcium concentration peak the potassium concentration peak has been stripped by computer. bility that they are very small portions of mitochondria, whose mean ratio of the sulphur to chlorine concentration is 5.3 (Table 4 ). 4) These structures are present in the interfibrillar spaces of the central region of the I band, where most corbular sarcoplasmic reticulum, as well as a considerable amount of network sarcoplasmic reticulum, is found (Figure 1 ). 5) They were not visible in the proximity of the transverse tubules (Figure 2 ). 6) We have shown by immunoelectron microscopy that calsequestrin, the major Ca 2+ -binding protein of the sarcoplasmic reticulum is localized in the lumen of junctional sarcoplasmic reticulum and corbular sarcoplasmic reticulum but apparently is absent from the network sarcoplasmic reticulum (Figure 1 and References [15] [16] [17] .
The mean calcium concentration in the corbular sarcoplasmic reticulum (12.5±1.1 mmol/kg dry wt, Table 2 , column B) and in the junctional sarcoplasmic reticulum (14.6±2 mmol/kg dry wt; Table 2 , column A) with calcium concentration larger than 6 mmol/kg dry wt were not significantly different. The mean calcium concentration in the junctional and the corbular sarcoplasmic reticulum determined in the present study are almost twofold higher than the calcium concentration of the junctional sarcoplasmic reticulum in normal rabbit papillary muscle determined by electron probe x-ray microanalysis. l9~21 By contrast the measured sodium, magnesium, phosphorus, sulfur, chlorine, and potassium concentrations of the electron-dense structures in the center of the I band region and at the junctional sarcoplasmic reticulum reported in the present study compare favorably with the values measured in the junctional sarcoplasmic reticulum by Wheeler-Clark and Tormey. 19 -21 Other electron probe studies were unable to demonstrate a significant difference in the calcium concentration in the Z line region compared with the sarcomere region of guinea pig papillary muscle frozen at rest, although they suggested increases under conditions of calcium loading. 30 The difficulty is likely due in part to a large dilution eflFect arising from the small ratio of the volume of calciumcontaining regions of the sarcoplasmic reticulum to the volume of tissue included in the astigmated probes used at the Z line areas in that study.
Comparison between the elemental composition of the electron-dense structures with calcium concentrations larger than 6 mmol/kg dry wt with those of the paired A band cytoplasm showed that the phosphorous concentration of the proposed corbular and network sarcoplasmic reticulum is approximately twofold higher than that of the small cytoplasm.
Functional Significance of Junctional and Corbular Sarcoplasmic Reticula
An important question to be answered about the role of cardiac sarcoplasmic reticulum in the excitation-contraction-relaxation cycle is whether the calcium stored in this compartment is sufficient to provide the bulk of the Ca 2+ required to produce 50% to 90% of the maximal myofibrillar contractile force.
We consider our measurements of the calcium content of the sarcoplasmic reticulum to be an underestimate, the extent of which can be approximated by considering the geometry of the electron probe and of the structures analyzed. The average diameters of the probe and the electron-dense structures are 75 nm and 50 nm respectively. The probe current has a near Gaussian distribution that would result in a higher current density toward the center of the probe. Therefore, the beam current in the 50 nm diameter structure could range from 50% to nearly 100% resulting in an underestimate of up to twofold.
Similarly, given an average tissue section of 150 nm and corbular sarcoplasmic reticulum diameter of 75 nm, calculation of the volume fraction for a 75 nm sphere in a cylinder 150 nm high leads to further underestimation of 4.5-fold. Therefore, using the most conservative estimates, we consider the measured values of the calcium concentration of the electron dense structures (12.5±1.1 mmol/kg dry wt) to be approximately 4.5-fold lower than the real value of approximately 55 mmol/kg dry wt. This value is rather similar to the calcium content of the sarcoplasmic reticulum in main pulmonary artery vascular smooth muscle. 31 With a 6.5-fold estimate, the calcium content of the electron-dense structures would be 80 mmol/kg dry wt, which approaches the calcium content of the terminal cisternae of frog skeletal muscle (125 mmol/kg dry wt). 29 In the following, we shall compare the corrected value of the calcium content of the corbular and junctional sarcoplasmic reticula with the increase in total cytosolic calcium concentration calculated to be required for the development of 50% to 90% of maximal force.
Morphometric studies by Page and coworkers 32 -33 have shown that the sarcoplasmic reticulum in rat ventricular muscle constitutes 3.5% of the cytosolic or 5.5% of the myofibrillar volume. The relative contribution of junctional and corbular sarcoplasmic reticula to the volume of the sarcoplasmic reticulum in rat cardiac muscle is unknown. In mouse (j-SR) and finch ventricular muscle (j-SR and c-SR), the junctional sarcoplasmic reticulum and corbular sarcoplasmic reticulum together constitute approximately 25% of the total sarcoplasmic reticulum. 34 Therefore, considering the (corrected) Ca 2+ -content of corbular and junctional sarcoplasmic reticula to be 55 mM/kg dry wt and considering that these compartments constitute 1.35% of a 75% hydrated myofibrillar volume, the release of the Ca 2+ would cause myofibrillar Ca 2+ to increase by 247 ptmol/1 cell water. This is well within the range of total calcium estimated by Solaro 33 and Fabiato 1 to be required for activation of cardiac muscle: 27 /tmol/1 and 47 /tmol/1 to produce 50% and 90% respectively of maximal contractile force in dog ventricular muscle 35 or 114 and 143 /*mol calcium/1 to produce 50% to 75% maximal force respectively in rat ventricular muscle. 1 We propose that the electron-dense structures analysed in the present study correspond to nonjunctional sarcoplasmic reticulum and that the subpopulation containing relatively high calcium concentrations is the calsequestrin-containing corbular sarcoplasmic reticulum (c-SR) confined to the I band region, while the subpopulation containing relatively low calcium concentrations corresponds to anastomosing regions of the network sarcoplasmic reticulum that lack calsequestrin. To determine the functional role of the two different calcium storage sites in myocardial sarcoplasmic reticulum, electron microphobe analysis of myocardial tissue flash-frozen at different times during a contraction will be required.
